Purpose. To assess the biomechanical and histological effects of a high-voltage electrical field on ligament healing. Methods. 54 male Wistar rats were used. The medial collateral ligaments (MCLs) of 6 rats were measured for normal biomechanical failure load and stiffness. MCLs of the remaining 48 rats were transected and randomly assigned; half were subjected to a highvoltage electrical field for 8 hours a day (experimental group), and the other half were kept under normal conditions (control group). Eight rats from each group were killed 2, 4, and 6 weeks after the transection and their MCLs were tested biomechanically and histologically. Results. Failure load and stiffness of the MCLs in the experimental group were significantly higher than those in the control group 2 weeks after transection, but not thereafter. At week 2, the granulation tissue completely occupied the space between the cut ends of the MCL in the experimental
INTRODUCTION
The risk of medial collateral ligament (MCL) injury increases as sporting activities become more popular; conservative treatment is usually the first choice if the injury is not severe. [1] [2] [3] However, it takes several weeks for an injured MCL to repair itself and regain full range of movement (ROM). It also takes months to recover from muscle atrophy, because conservative treatment does not allow early rehabilitation. Faster healing enables earlier rehabilitation and thus earlier return to sporting activities (in 6 to 12 weeks). 4 In the ligament healing process, haemostasis is activated and a fibrin clot forms within minutes after injury. An inflammatory response then occurs and fibroblasts are attracted to the injured site and produce a matrix to form new tissue. 5 Positive effects on ligament healing have been inferred after exposure to chemical mediators such as TGF-β (transforming growth factor-β), 6,7 bFGF (basic fibroblast growth factor), 8 PDGF (plateletderived growth factor), 9, 10 GDF5 or GDF6 (growth and differentiation factor 5 or 6), 11 and combinations of these growth factors. 12, 13 However, it is difficult to inject these growth factors into the MCL immediately after injury because of inflammation and pain. Their effects on ligament healing is limited, as a large proportion of the injected material diffuses out of the injection site and active ingredients may be metabolised.
Electromagnetic fields, [14] [15] [16] direct electrical currents, 17, 18 and hyperbaric oxygen 19 have also been reported to accelerate ligament healing. However, the possible undesirable effects of electromagnetic fields on health cannot be ignored. 20 It is difficult to use a direct electrical current clinically, so is hyperbaric oxygen because a special hyperbaric oxygengenerating apparatus is needed.
We aimed to assess the biomechanical and histological effects of a high-voltage electrical field on MCL healing in a rat model.
MATERIALS AND METHODS
54 male Wistar rats were used, each weighing approximately 300 g. In 6 rats biomechanical failure load and stiffness of the normal MCL were determined. The remaining 48 rats were anaesthetised intraperitoneally with sodium pentobarbital (30 mg/kg). Both the MCLs were transected between the tibial and meniscal insertions via a 20-mm medial incision. Both cut ends were left without repair and the skin sutured. The rats were randomised; half were subjected to a high-voltage electrical field for 8 hours a day (experimental group); the other half were kept under normal conditions (control group). All rats were free to move around in their cages; exercise conditions were the same and not changed during the study.
The high-voltage electrical field generator (Impulse Giken Co, Yokohama, Japan) consisted of a transformer and a chamber with one large electrode plate ( Fig. 1 ). No electromagnetic waves were detected in this apparatus. Multiple organs (brain, eyes, oesophagus, lungs, aorta, heart, liver, stomach, pancreas, and kidneys) of rats in the experimental group were examined histologically and no pathological findings observed.
Six rats from each group were killed 2, 4, and 6 weeks after transection, and their MCLs (n=72) were tested biomechanically. The MCLs were removed together with the tibia and femur. The bone-ligamentbone complexes were wrapped in gauze, soaked with physiologic saline, sealed in plastic bags to prevent dehydration, and stored in a -30ºC freezer. The specimens were taken out from the freezer 2 hours before the test and thawed at room temperature. The room temperature and humidity were respectively kept at a constant 20ºC and 75% during the thawing. The temperature of the specimens was about 20ºC during testing. The femur and tibia of the complex were fixed to metal plates using bone cement. The failure load (N) of each ligament was measured at a constant displacement rate of 10 mm/minute without preconditioning using a material testing machine (Instron model 4301, Instron Co, Canton [MA], US). Stiffness (N/mm) was then calculated between 0.98 N Two rats from each group were killed 2, 4, and 6 weeks after transection, and their MCLs (n=24) were investigated using light microscopy. For paraffin histological examinations, samples of the whole MCL were fixed in 4% paraformaldehyde at room temperature overnight. Then they were dehydrated in graded ethanol and embedded in paraffin wax. Coronal sections were cut at 4 to 6 μm thickness and stained with haematoxylin and eosin. 12 of the MCLs were used for immunohistochemical analysis. They were fixed in 95% methanol for 2 hours at 4ºC, then washed in phosphate buffered saline (0.05 mol, pH7.3). Before cryosectioning, they were infiltrated overnight with phosphate buffer saline containing 5% sucrose, and frozen onto a cryostat chuck with dry ice. Coronal sections were cut at 15 μm thickness and labelled by indirect immunofluorescence using polyclonal antibodies to type I collagen (Biogenesis Inc. London, UK) for primary antibodies, and antirabbit IgG-horseradish peroxidase (StressGen Biotechnologies Co, Victoria [BC], Canada) for secondary antibodies.
RESULTS

Biomechanical tests
In the experimental and control groups, the respective mean (standard deviation [SD]) failure loads were 13.0 (3.2) N and 8.9 (2.1) N at week 2, 16.0 (3.4) N and 12.6 (5.0) N at week 4, and 19.7 (4.4) N and 18.4 (3.4) N at week 6. The mean failure loads of MCLs in the experimental group were significantly higher than in corresponding controls 2 weeks after transection (p=0.02), but not thereafter (Fig. 2) .
In the experimental and control groups, the respective mean (SD) stiffness values were 5.1 (1.0) N/mm and 4.0 (1.0) N/mm at week 2, 5.8 (1.4) N/mm and 4.4 (0.9) N/mm at week 4, and 6.2 (1.6) N/mm and 6.1 (1.2) N/mm at week 6. The mean stiffness of MCLs in the experimental group was significantly higher than those in the control group 2 weeks after transection (p=0.01), but not thereafter (Fig. 2) .
Histological examinations
In the initial stage of the healing process (within 2 weeks after injury), granulation tissue formed between the cut ends of the ligament, and there was invasion or generation of large blood vessels, or both. The formation of granulation tissue was more advanced in the experimental group than in the control group. In the control group, there were gaps between the granulation tissue and cut ends (Fig. 3a) . In the experimental group, the granulation tissue completely occupied the space between the cut ends and tightly attached (Fig. 3b) . At week 4, in the control group large blood vessels remained (Fig. 3c ). In the experiment group vessels decreased and fibroblasts accumulated (Fig. 3d) . At week 6, the number of fibroblasts had decreased. Ligament healing had advanced considerably and the amount of granulation tissue was similar in both groups (Figs. 3e and 3f ).
Immunohistochemical examinations
Both the intensity and arrangement of staining of type I collagen fibres were similar in both groups 4 and 6 weeks after transection (Fig. 4) .
DISCUSSION
Healed MCLs are histologically and mechanically * p=0.02 † p=0.01
Figure 2
The mean failure load (left) and stiffness (right) of the medial collateral ligaments of the control and experimental groups 2, 4, and 6 weeks after transection. inferior to uninjured MCLs and remain so for up to 2 years. 21 For sports injury, healed MCLs do not mean complete histological and mechanical repair. We defined healed MCLs as >80% of histological and mechanical repair. The speed of the healing process differed between the control and experimental groups. In the controls, at week 2 the granulation tissue was not completely connected to the MCL cut ends and gaps remained. By contrast, in the experimental group the granulation tissue completely occupied the space between the cut ends and tightly attached, suggesting that the attraction of fibroblasts and production of a matrix in the granulation tissue were faster. Histological findings were consistent with biomechanical results of failure load and stiffness.
The ratio of collagen types changes during the normal MCL healing process in a rabbit model. 22 A direct electrical current has shown to promote changes in collagen types. 17 The hydroxyproline content, measured by Woessner 's method, 23 is related to the collagen types, although another study indicated no differences in the ratio of type I and type III collagen fibres between ligament healing in electromagnetic fields and non-electromagnetic fields. 16 Different types of collagen fibres have different fibre diameters and different biomechanical strengths. Different arrangements of collagen fibres also result in different strengths. 24 Therefore, changes in the types and arrangements of collagen fibres may have different biomechanical results. Although a highvoltage electrical field may cause changes in the types or arrangements of collagen fibres or both, no marked difference was observed in the immunohistological findings between our control and experimental groups 4 and 6 weeks after transection, consistent with the results of failure load and stiffness.
A high-voltage electrical field may accelerate initial healing (within first 2 weeks of injury) and enhance the biomechanical strength of ligaments, as it appears able to activate fibroblasts and increase the rough endoplasmic reticulum in the fibroblasts. It also seems to hasten the formation of granulation tissue between the cut ends of a ligament, and may therefore allow an earlier start of rehabilitation and eventually facilitate an earlier return to sporting activities. 
